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Neurobiology of Disease
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Alzheimer’s disease (AD) is a progressive amnestic dementia that involves post-translational hyperphosphorylation, enzymatic cleavage,
and conformational alterations of the microtubule-associated protein tau. The truncation state of tau influences many of its pathologic
characteristics, including its ability to assume AD-related conformations and to assemble into filaments. Cleavage also appears to be an
important marker in AD progression. Although C-terminal truncation of tau at D421 has recently been attributed to the apoptotic enzyme
caspase-3, N-terminal processing of the protein remains mostly uncharacterized. Here, we report immunohistochemical staining in a
cohort of 35 cases ranging from noncognitively impaired to early AD with a panel of three N-terminal anti-tau antibodies: Tau-12, 5A6,
and 9G3-pY18. Of these three, the phosphorylation-independent epitope of 5A6 was the earliest to emerge in the pathological lesions of
tau, followed by the appearance of the Tau-12 epitope. The unmasking of the Tau-12 epitope in more mature 5A6-positive tangles was not
correlated with tau phosphorylation at tyrosine 18 (9G3-pY18). Still, later in the course of tangle evolution, the extreme N terminus of tau
was lost, correlating temporally with the appearance of a C-terminal caspase-truncated epitope lacking residues 422-441. In addition,
caspase-6 cleaved the N terminus of tau in vitro, preventing immunoreactivity with both Tau-12 and 5A6. Mass spectrometry confirmed
that the in vitro caspase-6 truncation site is D13, a semicanonical and hitherto undescribed caspase cleavage site in tau. Collectively, these
results suggest a role for caspase-6 and N-terminal truncation of tau during neurofibrillary tangle evolution and the progression of

Alzheimer’s disease.
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Introduction

A major feature of the molecular pathogenesis of Alzheimer’s
disease (AD) is the post-translational modification, misfolding,
and aggregation of the microtubule-associated protein tau to
form neurofibrillary tangles, dystrophic neurites, and neuritic
plaques (Johnson and Jenkins, 1996; Duyckaerts et al., 1998;
Johnson and Hartigan, 1998; Friedhoff et al., 2000; Uboga and
Price, 2000; Mitchell et al., 2002). The evolution of tau structural
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changes in pathological specimens of AD brains can be inferred
by comparing tangles in cases that vary in pathological severity.
Such analyses have shown that through a complex series of phos-
phorylations, enzymatic cleavages, and conformational changes,
tau transitions from its highly soluble and natively folded state to
an insoluble accumulation of misfolded protein (Ghoshal et al.,
2002; Garcia-Sierra et al., 2003).

It is clear that enzymatic cleavage of tau plays an important
role in the development of the neurofibrillary tangle as AD
progresses. Cleavage at residue D421 is triggered by a caspase,
most likely caspase-3 (Gamblin et al., 2003b; Garcia-Sierra et al.,
2003). The truncation state of tau influences many of its normal
and pathologic characteristics, including its ability to bind to and
stabilize microtubules (Fasulo et al., 1996; Canu et al., 1998),
assume specific tangle-associated conformations (Carmel et al.,
1996; Ghoshal et al., 2001), self-assemble into filaments (Perez et
al., 1996; Abraha et al., 2000; Berry et al., 2003; Gamblin et al.,
2003a), and induce apoptosis (Fasulo et al., 1998, 2000; Chung et
al., 2001).

In contrast to C-terminal truncation of tau, little is known
aboutits N-terminal processing. Tyrosine phosphorylation of tau
at Y18 has recently been demonstrated in connection with acti-
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Table 1. Characteristics of the antibodies used in this study
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Antibody Epitope Host/Class Comments References

Tau-12 9-18* Mouse/lgG Ghoshal etal., 2002

CR Polyclonal 12-24* Rabbit Lee etal., 2004

9G3-pY18 12-24,pY18 Mouse/lgG Phospho-Tyr18 specific Leeetal., 2004

5A6 19 -46* Mouse/lgG Johnson etal., 1997

Tau-5 210-230 Mouse/lgG Carmel et al., 1996

MN423 Trunc-E391 Mouse/lgG Truncation specific at E391 Wischik et al., 1988b; Novak et al., 1993
Tau-QG3 Trunc-D421 Mouse/lgG Truncation specific at D421, associated with caspases Gamblin et al., 2003b

Tau-46.1 428441 Mouse/lgG Intact C terminus Kosik et al., 1988; Carmel et al., 1996

Asterisks denote epitopes that were remapped in this report.

vation of Fyn, a member of the src family of tyrosine protein
kinases (Lee et al., 2004). Additionally, a number of studies have
suggested that the N terminus of tau is lost as tangles become
extracellular (Dickson et al., 1992; Endoh et al., 1993; Bondareff
etal., 1994). At least one proteolytic cleavage has been postulated
along a lengthy stretch of the molecule (between amino acids 9
and 210 of the epitopes of the Tau-12 and Tau-5 antibodies,
respectively). The loss of N-terminal (Tau-12) immunoreactivity
signifies evolution to more severe AD pathology (Ghoshal et al.,
2002).

Here, we show that the phospho-independent antibody 5A6 is
the first of three N-terminal antibodies to label early diffuse tan-
gles. The Tau-12 epitope becomes unmasked as lesions assume a
fibrillar morphology. This change appears to be unrelated to ty-
rosine phosphorylation at Y18 of tau, as detected by the 9G3-
pY18 antibody. Subsequent to the unmasking of Tau-12, the ex-
treme N-terminal epitopes of tau are lost from tangles of human
AD brains, a process that correlates temporally with the appear-
ance of the C-terminal caspase truncation-specific epitope at
D421. Furthermore, we show that caspase-6 cleaves tau in vitro at
amino acid D13, causing loss of immunoreactivity with both
Tau-12 and 5A6 antibodies. These results suggest a role for
caspase-6 in the N-terminal truncation of tau in tangle matura-
tion and provide additional evidence for cleavage of tau by
apoptosis-related proteases in Alzheimer’s disease.

Materials and Methods

Epitope mapping of Tau-12, 5A6, and cross-reactive polyclonal. The anti-
bodies used in this study are described in Table 1 and Figure 1 A. Epitopes
for each antibody were defined by their reactivity or lack thereof with over-
lapping N-terminal internal deletion mutants of tau (Carmel et al., 1996).
The expression and purification of full-length tau (hTau40, 2N4R) (Goedert
et al.,, 1989) and tauA2-18 have been described previously (Carmel et al.,
1996; Abraha et al., 2000; Gamblin et al., 2003a). Novel internal deletion
mutations were generated using PCR on pT7c-ht40 with primers immedi-
ately flanking the desired deletion: tauA18—42:Taul8 F (5'-PO4-CGTC-
CCAGCGTGATCTTCCAATCAC) and Tau42 R (5'-PO4-CTGAAA-
GAATCTCCCCTGCAGACC); tauA18—-30:Taul8 F (above) and Tau30 R
(5"-PO4-ATGCACCAAGACCAAGAGGTGAC); tauA24-36:Tau24 F (5'-
PO4-CCTGTCCCCCAACCCGTACGTC) and Tau36 R (5'-PO4-GGTGA-
CACGGACGCTGGCCTGAAA). The amplified sequences were religated
and expressed as described above. Proteins were analyzed by SDS-PAGE and
Western blotting with Tau-12 (1:250,000), 5A6 (1:50,000), cross-reactive
polyclonal (CR Polyclonal; 1:5000), and Tau-5 (1:50,000). Horseradish per-
oxidase (HRP)-conjugated secondary antibody (Vector Laboratories, Bur-
lingame, CA) and enhanced chemiluminescence were used to visualize
bands (Amersham Biosciences, Piscataway, NJ). The affinity of each anti-
body for purified recombinant hTau40 was also assessed by ELISA as de-
scribed previously (Ghoshal et al., 2001).

Brain tissue. In experiments addressing the earliest changes in tau pa-
thology, samples of middle temporal gyrus (MTG) were obtained from
the Religious Orders Study (ROS) cohort at the Rush University Alzhei-
mer’s Disease Center (Chicago, IL). The 35 cases from the ROS have been

characterized extensively, both clinically and pathologically (Mufson
et al., 1999; Kordower et al., 2001; Bennett et al., 2002; Ghoshal et al.,
2002; Wilson et al., 2002). To study more advanced N-terminal changes,
additional tissue was obtained from five pathologically confirmed severe
AD cases (Braak stage V=VI) (Braak and Braak, 1995) from the North-
western University Cognitive Neurology and Alzheimer’s Disease Center
Brain Bank.

Immunohistochemistry. In single-label studies, immunohistochemis-
try was performed on adjacent 40 wm sections of middle temporal gyrus
from the 35 ROS cases as described previously (Ghoshal et al., 2002)
using the N-terminal monoclonal tau antibodies Tau-12 (1:500,000),
9G3-pY18 (1:5000), and 5A6 (1:10,000). In double-label experiments for
brightfield microscopy, sections from the temporal lobes of severe AD
cases were incubated with CR Polyclonal (1:5000) and either Tau-12
(1:250,000) or 5A6 (1:50,000). Appropriate secondary antibodies conju-
gated to either HRP or biotin and a Vectastain ABC-alkaline phosphatase
(AP) solution were used, and Nova Red and AP substrate kit ITl were used
as chromogens (Vector Laboratories).

Quantitative and statistical analysis of immunohistochemistry. Slides
from the ROS cases were analyzed using StereoInvestigator software (Mi-
croBrightField, Williston, VT) with the experimenter (P.M.H.) blind to
all information about the slides (including case, diagnosis, and antibody
stain). The seven cases with the most extensive pathology were analyzed
using systematic random sampling (fractionator). In cases with less se-
vere pathology, the gyrus was counted in its entirety. In all cases, only
tangles containing a visible perinuclear region were counted. Because of
the range in pathological severity of the cases studied, it was necessary to
normalize the data to a fourth section labeled with all three primary
antibodies to allow quantitative comparisons of tangle labeling across
cases. A simple linear correlation analysis (Pearson r test) was performed
on the normalized data using Prism 2.01 software (GraphPad Software,
San Diego, CA). Normalized Tau-12, 9G3-pY18, and 5A6 staining across
the cohort were compared by ANOVA and protected paired ¢ tests.

Double-label immunofluorescence. Double-label immunofluorescence
(IF) confocal microscopy was performed as described previously (Garcia-
Sierra et al., 2003) on temporal lobe tissue from severe AD cases. Tissue was
incubated with two of the following primary antibodies: 5A6 (1:50,000),
biotinylated Tau-12 (1:100), CR Polyclonal (1:2000), Tau-46.1 (1:4000),
Tau-C3 (1:2500), and MN423 (1:500). Species- or biotin-specific secondary
antibodies linked to Texas Red, FITC, or cyanine 5 (Cy5) were used (Jackson
ImmunoResearch, West Grove, PA; Molecular Probes, Eugene, OR), and
sections were viewed using the 60X objective on a 510-Zeiss (Thornwood,
NY) laser scanning confocal microscope. Individual sections, two-dimen-
sional projections, and three-dimensional rotations were analyzed with the
software included with the microscope (Zeiss LSM Image Browser
v.2.30.011). For quantification, projections of three fields (325 X 325 um)
encompassing cortical layers II-III of the superior temporal gyrus (STG)
were analyzed per case (1 = 3) per antibody pair.

Caspase-6 treatment of recombinant tau. A double-deletion mutant
lacking both N and C termini (tauA2-18A422-441) was generated by
restriction endonuclease digestion of both single-deletion mutants
(Gamblin et al., 2003a,b) with Xhol and Sacl (New England Biolabs,
Beverly, MA). Digestion products were separated by agarose gel electro-
phoresis, and fragments containing the desired mutations were extracted
from the gel, religated, and used to transform cells as described above.
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Control hTau40 and tau deletion mutants (100 ng/ul) were incubated
with active caspase-6 (5 ng/ul) at 37°C for 24 hr (BioMol, Plymouth
Meeting, PA). Products were analyzed by SDS-PAGE and Western blot-
ting (described above). Representative data from three independent ex-
periments are shown.

Fyn treatment of tauA422—441 and Y18F-tauA422—441. A tyrosine to
phenylalanine mutant of hTau40 was generated using the QuickChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The forward (F)
and reverse (R) mutant primers used in the reaction were as follows:
Y18F F, GATCACGCTGGGACGTTCGGGTTGGGGGACAGG; and
Y18F R, CTGTCCCCCAACCCGAACGTCCCAGCGTG. This mutation
was then excised with Xhol/Sacl and ligated onto a tauA422—441 back-
ground as described above. All mutations were confirmed by DNA
sequencing. Purified recombinant tauA422—441 and Y18F-tauA422-
441 (100 ng/ul) were incubated for 1 hr at 37°C with or without 1 ng/ul
active Fyn (Upstate Biotechnology, Lake Placid, NY). Active caspase-6 (5
ng/pl) was added directly to the phosphorylation reaction for 24 hr at
37°C, and the products were analyzed by Western blotting with 9G3-
pY18, Tau-5, and Tau-12.

Mass spectrometry of untreated and caspase-6-treated taulA422—44]1.
The intact molecular masses of untreated and caspase-6-treated
tauA422—-441 were determined in triplicate by matrix-assisted laser des-
orption—ionization time-of-flight mass spectrometry (MALDI-TOF MS)
in linear mode on an Applied Biosystems (Foster City, CA) Voyager-DE
STR. For peptide mass fingerprinting analyses, untreated and caspase-6-
treated tauA422—441 were trypsinized, desalted by solid-phase ZipTip
extraction (Millipore, Bedford, MA), and analyzed by MALDI-TOF MS
in reflector mode.

Results

N-terminal tau epitopes differ in prevalence in tangles of
early AD

The phospho-independent Tau-12 and 5A6 monoclonal anti-
bodies and CR Polyclonal antibody (Fig. 1A, Table 1) were se-
lected for investigation of early N-terminal changes because of
their overlapping epitopes spanning the extreme N terminus of
tau. The contribution of tyrosine phosphorylation of tau at Y18
was assessed with the phosphotyrosine-specific 9G3-pY18 anti-
body, raised against a phosphorylated peptide corresponding to
amino acids 12-24 of tau (Lee et al., 2004). Tau-12 (previously
attributed to residues 9—18) and 5A6 (residues 19—-46) were both
raised against purified recombinant human tau (Johnson et al.,
1997; Ghoshal et al., 2002).

Because previous reports indicated that the epitopes of Tau-
12, 5A6, and CR Polyclonal are in close proximity, they were
remapped using novel, smaller, N-terminal internal deletion mu-
tations of tau (Fig. 1 B). These data show a great deal of similarity
between the epitopes of all three antibodies and suggest that the
epitope for 5A6 extends further N terminally than was previously
thought. By virtue of binding to tauA24-36 but not tauA2-18 or
tauA18-30, all three antibodies bind somewhere within a span of
tau (residues 2-23) that includes the Fyn target Y18. Both 5A6
and Tau-12 show a strong affinity for purified recombinant hu-
man tau (Fig. 1C). However, because the affinity of an antibody
for tau in fixed human tissue may differ from its affinity for
recombinant tau in vitro, all antibodies were retitered on tissue
before use.

To better understand the early tau changes that take place in
the tangles of AD, tissue from a cohort of 35 cases ranging from
no cognitive impairment to mild AD was immunolabeled with
the three N-terminal monoclonal antibodies described above.
MTG tissue was selected because of the wide range of pathological
severities observed in this region of cortex (from a few isolated
tangles or threads to widespread extensive tau lesions spanning
cortical layers II-VI).
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Figure1. Epitope maps of the tau antibodies used. 4, The structure of the longest human tau

isoform found in brain (hTau40) with the approximate locations of the epitopes from the anti-
bodies used in this study. B, The 5A6, Tau-12, and CR polyclonal phospho-independent epitopes
were re-examined using internal deletion mutations of tau. Left two lanes, Purified recombi-
nant protein; right four lanes, whole lysates of bacteria induced to express recombinant pro-
teins. All three epitopes overlap (residues 2—23) and encompass tyrosine 18 of tau. Tau-5 shows
total tau on the membrane. C, The relative affinities of the three antibodies for purified recom-
binant hTau40 were compared by ELISA. Tau-12 and 5A6 both show very high affinities.

We found marked differences in the prevalence of the three
N-terminal tau epitopes in neurofibrillary tangles. The number
of tangles labeled with 5A6 did not significantly differ from the
number of tangles stained with all three primary antibodies com-
bined ( p > 0.2), whereas Tau-12 and 9G3-pY18 labeled fewer
tangles than 5A6 (Fig. 2 A). Furthermore, in several of the patho-
logically mild cases, 5A6-labeled tangles were observed in the
absence of Tau-12 labeling (five cases), whereas the reverse was
never observed (Fig. 2B, left). In the case of Tau-12 and 5A6,
these findings were unexpected, because our epitope mapping
experiments suggested significant overlap of the two epitopes
(see Discussion).

A correlation analysis was then performed on the data (Fig.
2 B). Although labeling with the two phospho-independent anti-
bodies showed a positive correlation, neither of these were signif-
icantly correlated with 9G3-pY18 labeling. These results suggest
an in situ relationship between the Tau-12 and 5A6 epitopes de-
spite the disparity in the number of tangles stained.

Morphologically, 5A6 labeled both early diffuse tangles and
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analysis in the ROS cohort shows that 5A6 labels far more tangles than either Tau-12 or 9G3-
pY18(89.0 = 12.1,13.1 = 2.9,and 26.1 = 3.0%, respectively; all 3 differ from each other at
p < 0.001). B, Correlation analysis of normalized tangle densities shows a positive predictive
relationship between the tangle labeling of Tau-12 and 5A6 (Pearson, r = 0.516; p = 0.0015),
whereas 9G3-pY18 labeling is not significantly correlated with either of these antibodies ( p =
0.40 and 0.20).

compact fibrillar tangles (Fig. 3A—C), whereas Tau-12 primarily
labeled compact tangles (Fig. 3D, E), as did 9G3-pY18 (data not
shown). The DAB staining of 5A6 also extended further into the
apical dendritic arbor (Fig. 3C) than that of either Tau-12 (Fig.
3D,E) or 9G3-pY18 (data not shown). Interestingly, neuropil
threads, thought to be the earliest manifestation of tau pathology
(Ghoshal et al., 2002), were heavily labeled with 5A6 in many of
the cases but were revealed only in more pathologically severe
cases with Tau-12 and 9G3 (data not shown). The highlighting of
neuritic plaques (Fig. 3F) followed a similar pattern. Thus, 5A6
labeled tau lesions earlier than either Tau-12 or 9G3-pY18.

To test the hypothesis that the more mature and compact
5A6-positive tangles also label with Tau-12, sections from severe
AD cases were double labeled with either 5A6 or Tau-12 and the
N-terminal phospho-independent polyclonal peptide antibody
CR Polyclonal (Fig. 3G). Both Tau-12 and 5A6 showed ~100%
double labeling with CR Polyclonal in these tangles, suggesting
that they label the same population of tangles. In addition, con-
focal microscopy using 5A6 and biotinylated Tau-12 in severe AD
brains demonstrated numerous double-labeled compact tangles
(Fig. 3H-]). These data support the hypothesis that the Tau-12
epitope is unmasked in the more mature and fibrillar 5A6-
positive tangles of more pathologically advanced AD cases.

Loss of N-terminal tau epitopes correlates temporally with
the appearance of a C-terminal caspase cleavage epitope
Previous data suggested that tau is cleaved at a site between the
Tau-12 and Tau-5 epitopes (amino acids 9-210) and that the loss
of the Tau-12 epitope correlates with progression to more severe
impairment on tests of episodic memory (Ghoshal et al., 2002).
To determine the timing of this important change in individual
tangles, a pathological timescale was used that makes use of a
defined sequence of C-terminal truncations of tau (Kosik et al.,
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Figure3. Tau pathology stained with N-terminal antibodies. A, A diffuse tangle in the MTG
of a case from the ROS cohort is labeled with 5A6 and visualized with DAB. B, Diffuse (top) and
fibrillar (bottom) tangles are labeled with 5A6. C, Transitional tangles exhibit both diffuse and
fibrillar 5A6 labeling. Extensive labeling of the dendritic tree is often seen with 5A6. D, A repre-
sentative Tau-12-positive tangle in the same case as A—C has a compact, fibrillar appearance
and lacks extensive dendritic staining. £, Tau-12 stains dense neurofibrillary tangles in the
inferior temporal gyrus of a severe AD case. F, 5A6 also readily labels other tau lesions, including
neuritic plaques, in pathologically mild cases. G, Brightfield microscopy depicts three tangles in
the hippocampus (CA1) of a severe AD case that are double labeled for 5A6 (red) and the
polyclonal N-terminal antibody CR Polyclonal (blue). This antibody pair shows ~100% coseg-
regation in tangles. H—J, Double-label laser scanning confocal microscopy demonstrates the
colocalization of biotinylated Tau-12 ( H) and 5A6 (/) in tangles of the STG of severe AD (merged
image; /). Images A—G are at the same magnification as are H—J. Scale bars, 20 m.

1988; Wischik et al., 1988a; Carmel et al., 1996; Ghoshal et al.,
2002; Gamblin et al., 2003b; Garcia-Sierra et al., 2003). Sections
from severe AD cases were labeled with CR Polyclonal and three
separate C-terminal antibodies (Fig. 4A): Tau-46.1 (intact C ter-
minus), Tau-C3 (caspase-truncated C terminus at D421), and
MN423 (late-stage C-terminal truncation at E391). As trunca-
tions of tau gradually remove epitopes external to the cleavage
sites, this trio of antibodies provides a useful approach to charac-
terizing in situ the timing of the changes tau undergoes in the
tangles of AD brains.

Quantitative analysis of these data showed that the extreme
N-terminal marker CR Polyclonal cosegregates well with the in-
tact C-terminal marker Tau-46.1 in tangles but is rarely seen in
tangles with Tau-C3 and never with MN423 (Fig. 4 B). In the rare
cases of CR Polyclonal-Tau-C3 cosegregation, the tangles were
usually chimeric (i.e., Tau-C3 staining occupied a central region
of the tangle, and CR Polyclonal staining was restricted to the
peripheral soma and neuronal processes) (Fig. 4C). These results
indicate that the loss of the N terminus of tau correlates tempo-
rally with the appearance of a C-terminal truncation associated
with caspase activation.
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(5.9 == 4.3%) and is never observed with MN423. C, The tangles that double label with Tau-C3 and CR Polyclonal show a distinct
pattern: Tau-C3 (red) appears mostly in the core of the tangle, whereas CR Polyclonal (green) primarily decorates the periphery of
the somatodendritic compartment. This merged image represents a single optical section.
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Figure 5.  Caspase-6 cleaves tau N terminally in vitro at amino acid D13. A, Caspase-6 treatment of tauA422— 441 causes the
appearance of a single lower molecular weight band recognized by Tau-5 but not by Tau-12 or 5A6. B, Tyrosine phosphorylation
atresidue 18 of tau by Fyn (top) has little effect on the extent of caspase-6 cleavage as shown by Tau-5 Western blotting (bottom).
(, MALDI-TOF mass spectra of in-solution tryptic digests of samples in A show a shift of the peaks at m/z 2053.9 and 2181.9 to
1046.5 and 1174.6 (arrows), respectively, as would be expected for cleavage at D13. All peaks labeled in the spectra correspond to
predicted tryptic peptides of tauA422—441.
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Caspase-6 cleaves tau in vitro at D13
causing loss of N-terminal epitopes
Examination of the N-terminal sequence
of tau revealed a semicanonical caspase-6
sitt. (MAEPRQEFEVMED*HA. .. ) that
would result in cleavage after aspartic acid
13 of tau, which is at the center of the
Tau-12 and 5A6 epitopes. An in vitro
caspase-6 assay was performed using re-
combinant tau with a deletion of the C ter-
minus mimicking C-terminally caspase-
truncated tau (tauA422—441). Subsequent
Western blotting with Tau-5 showed that
caspase-6 indeed cleaved tauA422-441 to
generate a single lower molecular weight
band (Fig. 5A, top). The truncated tau
band was not immunoreactive with either
Tau-12 or 5A6 antibodies (Fig. 5A, bot-
tom), suggesting that the truncation was N
terminal and not at another possible
C-terminal caspase-6 site (D402). Tau
harboring an additional N-terminal dele-
tion mutation that removed the caspase
site (tauA2—-18A422—441) was not cleaved
by caspase-6 (data not shown). Caspase-6
also cleaved full-length wild-type tau and
tauA2-18 at D421, albeit with far lower
efficiency than at the D13 site (data not
shown). This is consistent with other re-
ports showing low-efficiency caspase-6
cleavage at canonical DXXD caspase-3
sites (Talanian et al., 1997; Thornberry et
al., 1997; Gamblin et al., 2003b).

Although Y18 phosphorylation was not
correlated with the 5A6 — Tau-12 pro-
gression of early tangles, we investigated its
possible role in the caspase-6 cleavage of
the N terminus. Compared with untreated
tauA422-441, Fyn phosphorylation at
Y18 did not greatly affect the extent of
N-terminal cleavage (Fig. 5B). TauA422—
441 Y18F, an unphosphorylatable mutant,
was also studied to control for the possible
direct effects of Fyn on caspase-6 activity.
These data suggest that tyrosine phos-
phorylation of tau at Y18 would have little
impact on the N-terminal processing of
the protein by caspase-6 in AD.

To confirm the exact location of the in
vitro N-terminal caspase-6 truncation, the
control and caspase-6-treated samples were
subjected to mass spectrometric analysis
(Fig. 5C). In-solution digestion with trypsin
yielded fragments that were identified mo-
noisotopically using MALDI-TOF mass
spectrometry. Trypsin cleaves intact tau to
yield a doublet encompassing the predicted
truncation site (Fig. 5C, top). In samples
treated with caspase, the doublet is shifted
to lower molecular mass, corresponding to
the predicted cleavage of the peptide at D13
(Fig. 5C, bottom). These results were con-
firmed by determining the intact molecular
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masses of untreated and caspase-6-treated tauA422—441 (data not
shown). These results suggest that N-terminal caspase cleavage at
D13 of tau may contribute to the loss of N-terminal epitopes from
tangles in AD brains.

Discussion

Early tau evolution in AD tangles

Characterizing the early changes that tau undergoes is critical to
understanding the process of tangle formation and the role of tau
evolution in the development of AD. In this study, we investi-
gated the changes that take place in the extreme N terminus of
tau, a relatively uncharted region of this molecule. Although the
epitopes of Tau-12, 9G3-pY18, and 5A6 have been described sep-
arately (Johnson et al., 1997; Ghoshal et al., 2002; Lee et al., 2004),
the appearance, timing, and relationships of the three extreme
N-terminal tau antibodies have not been investigated previously
together.

Here, we have shown that 5A6 is the first of the N-terminal
antibodies to decorate tau pathology in AD tangle development.
The 5A6 epitope predominates in tangles from the ROS cohort, a
group that ranges clinically from no cognitive impairment to
mild AD. In the cases with the mildest pathology, 5A6 labeling
consistently appears in the absence or paucity of Tau-12 labeling.
As pathological severity increases, the Tau-12 epitope is un-
masked in fibrillar compact tangles, and Tau-12 is shown to co-
localize with 5A6 in most tangles of severe cases. Although the
trigger for this change remains unclear, it appears to be unrelated
to Y18 phosphorylation and to occur before the activation of
caspases.

Despite our inability to differentiate the Tau-12 and 5A6
epitopes at the molecular level using recombinant tau deletion
mutants, the two antibodies clearly show distinct staining pat-
terns in AD tissue. A number of explanations for this disparity
can be proposed. Destruction of a portion of the epitope could
reduce antibody affinity by removing important hydrophobic or
charge—charge interactions between antibody and antigen. Also, re-
moval of a nearby region of the molecule not directly involved in
antibody binding could sufficiently disrupt the orientation or struc-
ture of surrounding regions to reduce antibody affinity. These pos-
sibilities may explain why 5A6 was unable to bind both tauA18—42
and tau cleaved at D13. Alternatively, conformational changes (see
below) or as yet unidentified post-translational modifications at the
N terminus of tau could influence the in situ presentation of the
epitope. Such modifications could cause 5A6 alone to bind diffuse
tangles while allowing both 5A6 and Tau-12 access to their epitopes
when tau is arranged in a fibrillar morphology. Although 5A6 and
Tau-12 show similarly high affinities for purified recombinant tau,
changes in conformation and other post-translational modifications
could cause them to have different affinities for tau in fixed AD
tissue. A finer mapping of the epitopes of these two antibodies is
warranted, as is investigation of the contributions of post-
translational modifications to the affinities of these antibodies.

We also offer evidence that the subsequent loss of the N ter-
minus of tau from AD tangles may be caused by caspase activa-
tion. First, the N-terminal marker CR Polyclonal cosegregated
well with the intact C-terminal marker Tau-46.1 in tangles but
poorly with Tau-C3, a marker of C-terminal caspase cleavage at
D421. In addition, caspase-6 is shown to cleave tau specifically at
the N terminus in vitro, causing loss of binding of N-terminal
antibodies. Because caspases 3 and 6 are capable of activating
each other (Cohen, 1997; Cryns and Yuan, 1998), tau may be the
target of a coordinated onslaught of caspase activity.
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D13 is novel and different from other caspase sites in tau

A number of studies have provided evidence that tau is an impor-
tant substrate for caspases (Canu et al., 1998; Fasulo et al., 2000;
Chung et al., 2001; Rohn et al., 2002; Gamblin et al., 2003b;
Rissman et al., 2004). Although most of these reports focus on the
C-terminal truncation of tau at D421, Rohn et al. (2002) describe
another possible N-terminal caspase-3 cleavage site at D25
(DRKD*) by use of a polyclonal antibody to the putative cleavage
site. However, in an in vitro study, this site was not cleaved by any
known caspase (Gamblin et al., 2003b), and basic residues imme-
diately N terminal to the cleavage site are known to inhibit cleav-
age by caspase-3 subfamily members (Talanian et al., 1997;
Thornberry et al., 1997). Here, we provide direct evidence of in
vitro N-terminal cleavage of tau at D13, a hitherto undescribed
site. This site (VMED*) varies from the canonical caspase-6 site
(VEID* in lamin A) (Cohen, 1997) in that the acidic and hydro-
phobic residues are reversed. The mass spectrometric data pre-
sented here do not rule out C-terminal cleavage at another puta-
tive caspase-6 site (D402); however, such a cleavage was not
detected by Western blotting. Although we have described in
vitro truncation of tau by caspase-6 specifically at D13, it is still
unknown whether this truncation state of tau exists in AD brain.
Furthermore, additional N-terminal truncations in more mature
tangles may take place in vivo as well. Precedent for this type of
processing of tau is found at its C terminus, where the Tau-C3
epitope is replaced by that of MN423 as the tangle evolves.

Timing and significance of N-terminal cleavage

Previous work has shown that loss of Tau-12 immunoreactivity
in tangles indicates progression to more mature tau pathology
(Ghoshal etal., 2002; Garcia-Sierra et al., 2003). In this report, we
show that the N terminus of tau is lost from tangles in AD brains
at approximately the same time as caspase cleavage of the C ter-
minus of tau (likely caused by caspase-3). The association of the
bilateral cleavage of tau with activation of programmed cell
death-associated proteases has grave implications with regard to
neuronal viability and suggests an integral role for caspases in
tangle evolution.

The N-terminal 15 amino acids of tau are required for the
formation of the Alz-50 conformation of tau (Carmel et al., 1996;
Jichaetal., 1997), a conformation known to be a marker for early
tangles (Hyman et al., 1988; Ghoshal et al., 2002; Garcia-Sierra et
al., 2003). The Alz-50 conformation of tau is gradually replaced
by another conformation in tangles, Tau-66 (Ghoshal et al., 2001;
Garcia-Sierra et al., 2003), which does not require an intact N
terminus. Although removal of the N terminus of tau decreases
the rate and extent of tau polymerization in vitro (Gamblin et al.,
2003a), N-terminal truncation may stabilize existing filaments
through a conformational shift from the Alz-50 to Tau-66 con-
formations. Thus, N-terminal cleavage of tau could play an inte-
gral part in tangle maturation in AD.

Role of caspases and tau in AD

Apoptosis has long been hypothesized as the mechanism of neu-
ronal loss in AD (Smale et al., 1995; Cotman and Su, 1996; Des-
jardins and Ledoux, 1998). Altered levels of pro-apoptotic and
anti-apoptotic proteins are found in transgenic models of AD
(Hwang et al., 2002) and human AD tissue (Kitamura et al.,
1998), including the p10 fragment of active caspase-6 (LeBlanc et
al., 1999). The presence of active caspase-6, in particular, is nec-
essary and sufficient to cause apoptosis in primary human neu-
ronal cultures (Zhang et al., 2000). Interestingly, microinjection
of these cultured neurons with levels of caspase-6 below a thresh-



Horowitz et al. » N-Terminal Cleavage of Tau

old increased the susceptibility of these cells to other insults with-
out triggering immediate apoptosis. This suggests that although
some tau may be truncated in AD neurons, indicating caspase
activation, these cells may still be viable.

Amyloid B-induced neurotoxicity, which requires the pres-
ence of tau (Rapoport et al., 2002), is thought to involve apoptotic
mechanisms, and caspase cleavage of tau and other substrates are
associated with neurofibrillary tangle formation (Rohn et al.,
2001; Gamblin et al., 2003b). Because tau cleavage products may
be intrinsically neurotoxic (Canu et al., 1998; Fasulo et al., 2000;
Chung et al., 2001), caspase cleavage of tau may represent part of
a positive feedback loop in neurons of AD brains. This body of
evidence also suggests that caspases may be a crucial link between
amyloid B and tau lesions in AD (Canu et al., 1998; Rohn et al.,
2002; Gamblin et al., 2003b). Overall, the data support the inter-
pretation that caspase cleavage of tau is not merely a reflection or
marker of enzyme activation in ailing neurons but is instead ac-
tively involved in the disease process.
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